The interaction ae-macroglobulin with four proteinases has been investigated by binding assays and by gel electrophoresis.
At pH 7.65 the binding ratios of the proteinase-cwa-macroglobulin complexes were found to be 2:l (trypsin and papain), 1.4:1 (chymotrypsin), and 1:l (plasmin). The progressive decrease in the stoichiometry of the three seryl proteinase complexes was paralleled by a concomitant decrease in the proteinase-dependent specific cleavage of the az-macroglobulin peptide chains. Rate studies have shown that the relative rates of reaction of the proteinases with (Yemacroglobulin also varied greatly: papain > trypsin > chymotrypsin > plasmin. The data suggest that the ability of a proteinase to saturate the second proteinase binding site is a reflection of its ability to bind to ae-macroglobulin and cleave the second pair of scissile cuz-macroglobulin peptide bonds before the ae-macroglobulin has undergone the conformational change initiated by the formation of the 1:l proteinase a2-macroglobulin complex.
Human plasma crz-macroglobulin is a plasma glycoprotein of approximately 720,000 daltons. The molecule is a tetramer composed of identical subunits linked in pairs by disulfide bonds. Two disulfide pairs associate noncovalently to form the native tetramer (1, 2) .
Although cYz-macroglobulin is generally classified as a proteinase inhibitor, certain of its biochemical characteristics are strikingly different from those of other members of this group. Two such deviant properties are the ability of az-macroglobulin to bind an unusually wide variety of endopeptidases (seryl, cysteinyl, aspartyl, and metal proteinases) (3, 4) and the continued hydrolytic activity of cz2-macroglobulin-bound proteinases to small molecule, but not macromolecule, substrates (5) . The binding of proteinase by a2-macroglobulin is accompanied by a specific cleavage of the cY2-macroglobulin subunit chains (1, 2, 4) although in the absence of denaturants and small molecule thiols the a2-macroglobulin-proteinase complex remains intact.
Literature values for proteinase:ff2-macroglobulin binding ratios fall between 1 and 2 mol proteinase bound per mole az-macroglobulin (3, 4, (6) (7) (8) (9) . The reported values show an unusual degree of variability.
If we assume that are-macroglobulin intrinsically contains two binding sites for all proteinases (a fair assumption in view of HOWELL ET AL.
the dimer characteristics of the molecule), the low binding ratios which have been reported for certain proteinases are presumably a reflection of ancillary events which restrict the ability of the a2-macroglobulin to bind the second proteinase molecule.
The studies on the interaction of cz2-macroglobulin with trypsin, chymotrypsin, plasmin, and papain which are reported in this paper were designed to investigate the factors responsible for the variability in the binding ratios of these four cu2-macroglobulin-proteinase complexes. 
MATERIALS

RESULTS
The a~mmroglobulin-trgps-ypsin complex. The binding of trypsin by ap-macroglobulin was determined in the presence and absence of 7.5 mM EDTA or 3 mM EGTA at pH 5 (0.05 M acetate buffer), pH 7.0 (0.05 M phosphate buffer), pH 7.65 (0.05 M Tris), and pH 9.0 (0.05 M borate buffer) at 25°C. After a 60-min incubation period the pH of 3:l trypsin:cu2-macroglobulin reaction mixtures was adjusted to 7.65 by the addition of 0.1 M Tris buffer. Control studies showed that az-macroglobulin was not inactivated by this long incubation period at pH 5-9. Excess soybean trypsin inhibitor was added to the reaction mixtures which were then assayed for cuz-macroglobulinbound trypsin by the BAPNA assay procedure. In all cases the stoichiometry of the complex was found to be 1.9-2.0:1 (Fig. 1) .
The stoichiometry of binding was also investigated by SDS-polyacrylamide gel electrophoresis in the presence and absence of 2-mercaptoethanol ( Fig. 2 ). In the presence of SDS alone no proteolysis of CQmacroglobulin to lower-molecular-weight species could be detected, even in reaction mixtures which contained excess trypsin. In the presence of SDS and mercaptoethanol, however, the -180,000-dalton (Yemacroglobulin subunits were converted to -90,000-dalton species and the amount of the -90,000-dalton species increased with the trypsin concentration until the trypsin:ae-macroglobulin ratio was approximately 2 at which point all the -180,000-dalton subunits had been converted to the -90,000-dalton species (Fig. 2) . Complete hydrolysis of the four scissile cz2-macroglobulin peptide bonds thus accompanied binding of two molecules of trypsin by the a2-macroglobulin. BAPNA as catalyzed by az-macroglobulinbound trypsin, a situation in sharp contrast to the Ca2+-activated hydrolysis of BAPNA by free trypsin.
Studies on the a2-macroglobulin:trypsin interaction were extended to include the serial addition of nonsaturating amounts of trypsin to cu,-macroglobulin at pH '7.5; under such conditions the binding ratio did appear to decrease somewhat.
For example, when half-saturating amounts of trypsin were incubated with (y2-macroglobulin for from 1 min to 20 h at 25°C and excess trypsin then added, the average stoichiometry of the complex was 1.5:1 instead of the 2:l obtained for the complex which had been prepared by one addition of excess trypsin. If one assumes that the rate of reaction of both trypsin molecules with native a2-macroglobulin is the same (a reasonable assumption in view of the dimer characteristics of the molecule), the addition of an equivalent amount of trypsin to cr2-macroglobulin should result in a 25:50:25 mixture of 2:1, l:l, and 0:l trypsin-a2-macroglobulin complexes. If excess trypsin is added later to this reaction mixture and if the 1:l complex cannot bind trypsin, the resultant mixture should contain a 50:50 mixture of the 2:l and 1:l trypsin-a2-macroglobulin complexes; that is, the overall binding ratio should be 1.5:1.
!l'he a~wmcroglobulin-chywwtrypsin cmplex. In our initial studies the binding ratio of the cu2-macroglobulin-chymotrypsin complex in 0.05 M Tris, pH 7.65, in the absence of Ca2+, was found to be 1.4:1 ( Fig.  1 ) and SDS-2-mercaptoethanol gel electrophoresis of such mixtures showed that only about two-thirds of the -180,000-dalton subunits were cleaved to -90,000-dalton subunits even in the presence of excess chymotrypsin (Fig. 3) . To inhibit the generalized proteolysis of the a2-macroglobulin which occurred during the l-h, 25°C incubation of the chymotrypsin:cu2-macroglobulin reaction mixtures with SDS and mercaptoethanol in the absence of a small molecule inhibitor, toluene sulfonyl fluoride was added to the reaction mixtures prior to the addition of SDS and mercaptoethanol.
Higher incubation temperatures (and hence shorter incubation times) could not be employed as they result in the cleavage of a specific, temperature-sensitive a2-macroglobulin peptide bond (23) . Furthermore when various nonsaturating amounts of chymotrypsin were incubated with cY2-macroglobulin at pH 7.65 for 10 min and excess chymotrypsin was then added, the stoichiometries of the complexes were significantly lower (minimum chymotrypsin:a2-macroglobulin The studies on the binding of chymotrypsin by az-macroglobulin were extended to include pH, EGTA (3 mM), EDTA (7.5 mM), and Ca2+ (20 mM), as variables. At pH 9.0, the stoichiometry of the complex was found to be 1.8:1 in the presence and absence of Ca2+. In the presence of Ca2+ the stoichiometry of the complex at pH 7.65 was the same as that observed at pH 9. In the absence of Ca2+ however, the stoichiometry decreased to 1.4:1. At lower pH values (pH 5) the stoichiometry was further depressed to a low of -1:l. When an excess amount of an equimolar mixture of trypsin and chymotrypsin was quickly added to a2-macroglobulin at pH 7.65 and the reaction mixture assayed for tryptic activity in the presence of excess soybean trypsin inhibitor, 80% of the bound proteinase was found to be trypsin (Fig. 4) . It therefore appears that the lower stoichiometry of the chymotrypsin-cY2-macroglobulin complex is accompanied by a considerably slower rate of binding.
The Lu,-macroglobulin-plasmin complex. As previously reported by Pochon (24) plasmin was found to form a 1:l complex with as-macroglobulin (Fig. 5) . When excess trypsin was added to a series of plasmin:a2-macroglobulin reaction mixtures which varied in plasmin concentration and any excess free proteinase then inactivated by the addition of soybean trypsin inhibitor, it was observed that the trypsincatalyzed hydrolysis of BAPNA decreased with increasing plasmin concentration and was essentially zero in reaction mixtures [ that contained a plasmin:az-macroglobulin ratio of one or greater (Fig. 5) . BAPNA is such a poor substrate for plasmin relative to trypsin that the az-macroglobulinbound plasmin in the assay solution made a negligible contribution to the observed hydrolysis of the BAPNA.
Reducing SDS-gel electrophoresis showed that a maximum of about one-half of the az-macroglobulin chains could be cleaved by plasmin; all crz-macroglobulin chains, however, were cleaved after the subsequent addition of excess trypsin to the saturated az-macroglobulin-plasmin complex.
This trypsin-catalyzed hydrolysis of the cwz-macroglobulin peptide chains of the saturated 1:l plasmin-az-macroglobulin complex might appear to conflict with the binding data which showed that the saturated plasmin complex did not form a stable complex with trypsin.
Similar
reducing SDS-gel electrophoresis studies, however, showed that trypsin catalyzed the cleavage of the four scissile peptide bonds of amine-inactivated (Yemacroglobulin, a species that does not form a stable complex with trypsin (25) . The rate of this hydrolysis was slower than that of the hydrolysis that accompanied formation of the native az-macroglobulin-trypsin complex. Furthermore, we found that the extent of cleavage of the scissile (yemacroglobulin peptide bonds of amine-inactivated cr2-macroglobulin was no longer a direct reflection of the trypsin: a2-macroglobulin molar ratio. At relatively low concentrations of trypsin, the cleavage of the bonds increased with time until complete hydrolysis of the bonds had been accomplished. Amine-inactivated a2-macroglobulin thus acted as a rather poor substrate for trypsin, rather than as an inhibitor.
Barrett (3, 26) has shown that the structural characteristics of amine-inactivated cu2-macroglobulin differ from those of the native molecule but appear similar to those of the a2-macroglobulin-proteinase complexes. Like the amine-inactivated protein, the plasmin complex may therefore also act as a poor substrate and the trypsin-catalyzed hydrolysis of the labile cu2-macroglobulin peptide bonds in the plasmin complex may be completely unrelated to the formation of a stable complex between the 1:l plasmin-a2-macroglobulin complex and trypsin.
The rate of the a2-macroglobulin:plasmin reaction was much slower than that of the a2-macroglobulin:trypsin reaction at pH 7.65. When an equimolar mixture of plasmin and trypsin was quickly added to an a2-macroglobulin solution (total proteinase:a2-macroglobulin molar ratio = 41) and the reaction mixture assayed for trypsin and total proteinase activity after the addition of excess soybean trypsin inhibitor to inactive unbound proteinase, it was found that essentially all the a2-macroglobulin-bound proteinase was trypsin. When the plasmin:trypsin molar ratio was increased to 5:l (total proteinase:a2-macroglobulin molar ratio = 12:l) about 5% of the cu2-macroglobulin-bound proteinase was plasmin. Total az-macroglobulinbound proteinase activity was determined using S-2251 as substrate since this is a good substrate for both proteinases.
No Ca2+ was present in any of the (Yemacroglobulin plasmin reaction mixtures. The ctrmxwrogWin-papain complex. SMethyl-papain solutions were activated in 100 mM 2-mercaptoethanol, 2.5 mM EDTA, pH 5.8, for 30 min (25°C) and passed down a Sephadex G-25 column to remove small molecule by-products. The column buffer was 0.15 M KCl, 2.5 mM EDTA, 50 PM 2-mercaptoethanol, pH 5.8. Under our conditions of pH and buffer, the concentration of 2-mercaptoethanol must be 1 mM or greater to achieve full activation of S-methyl-papain.
To retain the full activity of this activated papain at lower mercaptoethanol concentrations, the small molecule by-products of the activation reaction must be removed from the activated papain preparation. The final concentration of mercaptoethanol in papain:cY2-macroglobulin reaction mixtures must be 1 mM or lower to prevent loss of the proteinase-binding capacity of the cY2-macroglobulin.
When the Azocoll assay system was used to determine the free papain concentration in a2-macroglobulin:papain reaction mixtures (pH 7.65) of varying papain:a2-macroglobulin molar ratio, the stoichiometry of the saturated complex was found to be 2:l (Fig. 6) . It thus appeared that at pH 7.65 papain, like trypsin, can completely saturate both proteinase binding sites on a2-macroglobulin.
These results were supported and extended using a second method to determine the a2-macroglobulin-papain stoichiometry.
Papain and a2-macroglobulin were mixed in varying proportions at pH 7.65 such that the papain:cu2-macroglobulin molar ratio varied from 0 to 5. After a lo-min incubation period excess trypsin was added to the reaction mixtures. Any unbound trypsin was then inactivated by the addition of soybean trypsin inhibitor.
At low papain concentrations the binding of trypsin was evidenced by the ability of the complex to catalyze the hydrolysis of BAPNA. As the papain:cY2-macroglobulin molar ratio in- creased, the hydrolysis of BAPNA decreased to a minimum at approximately a 2:l molar ratio of papain to a2-macroglobulin. At higher papain concentrations a slow increase in hydrolysis paralleled the increase in papain concentration. This slow increase resulted from the hydrolysis of BAPNA by papain since papain is not inactivated by soybean trypsin inhibitor. These data thus indicated that the saturated papain-a2-macroglobulin complex was unable to bind trypsin.
The relative rates of formation of the cY2-macroglobulin-papain and cy2-macroglobulin-trypsin complexes were determined by quickly mixing equimolar amounts of papain and trypsin and adding excess proteinase to the a2-macroglobulin solution at pH 7.65 in the presence of 1 mru 2-mercaptoethanol.
These low mercaptoethanol concentrations did not measureably affect the interaction of trypsin with cu2-macroglobulin.
Any unbound trypsin was then inhibited by the addition of excess soybean trypsin inhibitor. Bound and unbound papain were inhibited by the addition of excess iodoacetate (10 mM). Iodoacetate did not depress the hydrolytic activity of trypsin nor did it diminish the proteinase-binding ability of az-macroglobulin.
Any observed hydrolysis of BAPNA was thus due to az-macroglobulin-bound trypsin. In control experiments, the hydrolytic activity of trypsin-free, papain-az-macroglobulin complex in the presence of iodoacetate was found to be negligible.
The rate of hydrolysis of BAPNA by the papain + trypsin:az-macroglobulin reaction mixtures was thus a measure of az-macroglobulin-bound trypsin. The data indicated that only about 10% of the a,-macroglobulin-bound proteinase was trypsin. When the trypsin:papain molar ratio was increased to 1O:l approximately 50% of the bound proteinase was trypsin.
In parallel studies in which Azocoll was used to monitor the unbound papain concentration, the az-macroglobulin was also found to bind papain approximately 10 times faster than trypsin. In these studies any unbound trypsin was inactivated by the addition of soybean trypsin inhibitor; no iodoacetate was added to the reaction mixtures.
DISCUSSION
The recent studies of Barrett et al. (26, 27) , of Sottrup-Jensen et al. (28) (29) (30) (31) (32) (33) , and of others have suggested that the interaction of cue-macroglobulin with proteinases involves several events. The interaction is initiated by binding of the proteinase at its active site to the "bait" region of the az-macroglobulin peptide chain. This interaction results in the cleavage of a proteinase-labile peptide bond near the middle of the a,-macroglobulin peptide chain (29, 32) . Peptide bond cleavage is followed by a change in the conformation of the (Yemacroglobulin which becomes more compact. During or after this conformational change, the proteinase binds to a different site on the a2-macroglobulin.
This interaction does not involve the active site of the protkinase which remains catalytically active. This terminal interaction may involve the unique glutamyl-cysteinyl thioester linkage in the cw2-macroglobulin which apparently becomes much more reactive after either cleavage of the Ly2-macroglobulin peptide chain or the conformational change has occurred. This pathway has been based largely on data obtained on the interaction of trypsin with a2-macroglobulin.
Per se, it does not explain the differences which have been observed in the binding ratios of the various proteinase-a2-macroglobulin complexes.
All available data show that at least one molecule of a reactive proteinase is bound in a stable complex by a2-macroglobulin. The variability only arises in the extent to which a second proteinase molecule can be bound.
The binding and SDS-gel electrophoresis studies reported in this paper strongly suggest that there is a parallelism between the stoichiometry of the saturated complex and the extent to which the proteinase is able to cleave the scissile (Yemacroglobulin peptide bonds. Trypsin (stoichiometry = 21) cleaves all four of the scissile a2-macroglobulin peptide bonds; chymotrypsin (pH 7.65, stoichiometry = 1.4:1) cleaves about two-thirds of the scissile bonds; plasmin (stoichiometry = 1:l) cleaves about half of the scissile bonds. In other words, if the second proteinase molecule cannot bind to and cleave the "bait" region of the two intact a2-macroglobulin chains still present in the 1:l proteinase-a2-macroglobulin complex it is unable to bind to a2-macroglobulin at the sites which characterize the stable, endproduct complex.
The studies on the rate of reaction of the four proteinases with a2-macroglobulin suggest that the stoichiometry of the saturated proteinase-a2-macroglobulin complex is directly related to the rate of formation of the transient active site complex. Trypsin (stoichiometry = 21) is bound by a2-macroglobulin 10 times slower than papain (stoichiometry = 2:1), 4 times faster than chymotrypsin (pH 7.65, stoichiometry = 1.4:1), and 100 times faster than plasmin (stoichiometry = 1:l). If cy2-macroglobulin undergoes a major conformational change upon interaction with a proteinase as proposed by Barrett (3) , and if this "fast" form a2-macroglobulin can no longer bind proteinase, as has been noted for trypsin by Van Leuven (34) , it is reasonable to propose that the stoichiometry of binding for a particular proteinase will be related to its rate of binding to a2-macroglobulin relative to the rate of the a2-macroglobulin conformational change. Thus, if the rate of the initial proteinase:cu,-macroglobulin interaction is fast relative to that of the conformational change, the "native" conformation of CY~-macroglobulin will bind two molecules of proteinase. If the rate of the proteinase:a2-macroglobulin interaction approaches that of the conformational change then only partial occupancy of the second binding site will occur since a proportion of the CX~-macroglobulin molecules will have undergone the conformational change before the second proteinase molecule can bind to the cy2-macroglobulin. If the rate of binding of proteinase is slow relative to that of the conformational change, only one proteinase molecule will be bound. For example, the rate of formation of the plasmin-a2-macroglobulin complex is relatively slow and a stoichiometry of 1:l is obtained for this complex. This hypothesis can explain (i) the lower proteinase binding ratios that are associated with the slower chymotrypsin and plasmin reactions (relative to trypsin), (ii) the lower stoichiometry of partially saturated trypsinand chymotrypsin-cuemacroglobulin complexes to which excess trypsin or chymotrypsin had been added later, and (iii) the effect of pH on the stoichiometry of the chymotrypsin-a2-macroglobulin complex but not of the trypsin complex. If the rate of the trypsin interaction is sufficiently faster than that of the conformational change, the relatively small changes in the rate of binding which are induced by varying the pH from 9 to 5 should not measurably affect the stoichiometry of the complex. If however the rate of binding of chymotrypsin to a2-macroglobulin is sufficiently close to that of the conformational change, changes in pH could sufficiently alter the relative rates of these two reactions such that the stoichiometry of the stable, end-product complex would be pH dependent.
